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Field observations with X-band marine radars of spatio-temporal variations of 
morphology around three artificial headlands were done along a well-developed 16-km-long 
sandy beach over four years. The radar images were time-averaged and -stacked to identify 
water- and breaker lines around the headlands. Various characteristics of the shoreline were 
analyzed by the Empirical Orthogonal Function (EOF) method. Seasonal characteristics were 
discussed with seasonal incident waves and were attributed to seasonal wave conditions. 
Spatial variations were categorized into an asynchronous or synchronous pattern and were 
associated with a surf zone extension. Locations of breaker lines relative to the tips of the 
headlands were categorized into four types and related to the shoreline variabilities, revealing 
the surf zone extension was the dominant influence on the synchronization of the shoreline 
variability, and frequencies of surf zone extension were understood in terms of intertidal 
foreshore slopes around the headlands. Long term trends in the shoreline positions around the 
headlands were estimated by aerial laser surveys and aerial photographs and were inferred as 
main cause of the surf zone extension. 
 
 
Keywords: headland, X-band radar, EOF analysis, shoreline position, breaker position, 
asynchronous pattern, synchronous pattern, surf zone extension 
 
Table of contents 
iv 
 
Table of Contents 
 
Acknowledgments..................................................................................................................... i 
Abstract ................................................................................................................................... iii 
Table of Contents .................................................................................................................... iv 
List of Figures ........................................................................................................................ vii 
List of Tables .......................................................................................................................... xii 
List of abbreviations and nomenclatures .............................................................................. xiii 
 
CHAPTER ONE: INTRODUCTION ................................................................................ 1 
1.1 Background .................................................................................................................. 1 
1.2 Review of literature ..................................................................................................... 3 
1.2.1 Utilizations of X-band marine radar ................................................................... 3 
1.2.2 Artificial headlands ............................................................................................. 4 
1.3 Objectives of this work ................................................................................................ 7 
 
CHAPTER TWO: FIELD MEASUMENT AND DATA PROCESSING ....................... 9 
2.1 Study site and artificial headlands (HLs) ..................................................................... 9 
Table of contents 
v 
 
2.2 Radar observation .......................................................................................................11 
2.2.1 X-band marine radar system ............................................................................. 12 
2.2.2 Time-averaged image ........................................................................................ 13 
2.3 Wave and tide data ..................................................................................................... 14 
2.4 Detections of shore- and breaker line ........................................................................ 15 
2.4.1 Time-stacked image and digitization of water- and breaker line ...................... 15 
2.4.2 Intertidal beach slope ........................................................................................ 19 
2.4.3 Determination of the shoreline position ............................................................ 23 
2.4.4 Breaker position and surf zone extension (SZE) .............................................. 23 
2.5 Shoreline detection by aerial laser surveys and photographs .................................... 27 
2.6 Sediment supply from Tone River ............................................................................. 31 
 
CHAPTER THREE: METHODS OF ANALYSES ........................................................ 33 
3.1 Empirical Orthogonal Function (EOF) analysis of shoreline positions ..................... 33 
3.2 Categorization of breaker positions ........................................................................... 36 
3.3 Wave field computations............................................................................................ 38 
3.3.1 Bathymetry ........................................................................................................ 39 
Table of contents 
vi 
 
3.3.2 Model implementation and estimations of wave energy fluxes ........................ 41 
CHAPTER FOUR: RESULTS AND DISCUSSION....................................................... 44 
4.1 Seasonal incident waves and wave energy fluxes ..................................................... 44 
4.2 Outcomes from the EOF analysis .............................................................................. 45 
4.3 Causality between temporal variations of the shoreline variabilities and wave energy 
fluxes around the HLs .............................................................................................. 48 
4.4 Mutuality of spatial distinction in the shoreline variabilities and the SZE ................ 52 
4.5 Long term shoreline variability determined from aerial laser surveys and photographs
 .................................................................................................................................. 58 
4.6 Discussion .................................................................................................................. 62 
 
CHAPTER FIVE: CONCLUSIONS AND REMARKS ................................................. 64 
5.1 Summary of the study ................................................................................................ 64 
5.2 Recommendation for future study ............................................................................. 67 
REFERENCE ..................................................................................................................... 69 
BIBLIOGRAPHY .............................................................................................................. 73 
 
List of figures 
vii 
 
List of Figures 
 
Figure 2.1 Study area ▲: Radar location. HL (Headland, #1~#5): Artificial 
headland ●: Location of GPV (E140'48", N35'51") of Japan 
Meteorological Agency (JMA). 
9 
Figure 2.2 Aerial view around HL#4 (August 25, 2009 around 17:00). 10 
Figure 2.3 Radar antenna (width ~ 2.8 m) on the roof of Hasaki RDF Center in 
the vicinity of HL#1. 
11 
Figure 2.4 Examples of radar echo images: (a) Calm (2010/01/02). (b) High 
wave condition (2010/01/08). (c) Local view in the vicinity of HL 
during high wave condition. 
12 
Figure 2.5 Examples of the time-averaged image for low (right) and high (left) 
tide periods: Water- and breaker line, and movement of them can be 
identified. 
13 
Figure 2.6 Sea state from 2010 to 2013. Significant wave height (upper panel), 
wave direction (middle panel, thin red line: original data, thick black 
line: 7-day moving average, 0 deg. = normal incidence, positive = 
incident wave from the northern), and tide level based on Tokyo Peil 
(bottom panel, thin blue line: original data, thick yellow line: 7-day 
moving average). 
14 
Figure 2.7 Processing of cross-shore time-stack from series of the time-averaged 
images. 
16 
Figure 2.8 Six transections (red dashed line) at the northern and southern faces 
around HLs. Each transection is 200 m from the center of the HL. 
17 
Figure 2.9 Example of time-stack images of morphological observations around 
the HLs (a) and sea state (b) from January 1 to 10. 
18 
Figure 2.10 Waterline and breaker positions from digitization at the northern face 
of HL#4 (x=5,920 m) and tidal variations measured at Choshi Fishery 
Port. (2010 January 01 ~ 10, JST, T.P.: Tokyo Peil). 
19 
Figure 2.11 Mapping of intertidal bathymetry. 19 
List of figures 
viii 
 
Figure 2.12 Example of linear fitting of intertidal beach profile at the northern 
face of HL#4 (x = 5,920 m). Datum of elevation is from the tidal 
records, and individual water line positions are from manual 
digitization on the time-stack image. Shoreline position (= 53 m) is 
defined at the elevation 0 m. 
20 
Figure 2.13 Interannual variations of β for the HLs from 2010 to 2013: Since 
radar around HL#4 was removed on May 30, 2012, analysis for HL#4 
was done for 2010 and 2011. β for the HL#4 are generally steeper 
than those of HL#1 and #2. 
21 
Figure 2.14 Interannual variations of the shoreline positions around the HLs from 
2010 to 2013: Since radar around HL#4 was removed on May 30, 
2012, analysis for HL#4 was done for 2010 and 2011. 
22 
Figure 2.15 Definition of variables ∆𝑊𝑆 and ∆𝑊𝑁, meaning locations of breaker 
line relative to the tip of the HL. The subscripts s and n denote 
southern and northern. Size of the head ~ 130 m, Length of headland 
~ 180 m. 
24 
Figure 2.16 (a) Interannual variations of variables ∆𝑾𝑺 and ∆𝑾𝑵 around the 
HLs and (b) incident wave conditions from 2010 to 2013 provided 
from JMA: Significant wave heights (upper panel) and wave direction 
(bottom panel, thin red line: original data, thick black line: 1-day 
moving average, 0 deg. = normal incidence, positive = incident wave 
from the northern). 
26 
Figure 2.17 Total view of aerial photo for sandy beach (~15 km) in 2013. ●: 
Origin point (35°50'27.85'', 140°45'42.03''), ▽: HLs, and red solid 
line: digitized shoreline. 
27 
Figure 2.18 Approximate foreshore slopes of sandy beach defined by Banno 
(2015). Foreshore slope from -4,000 to 2,000 m was constant as 
around 0.027 and convex approximate curve from 2,001 to 12,000 m 
was defined by the measured foreshore slopes. 
28 
Figure 2.19 Definition of tidal correction for the shore position digitized by aerial 
photographs and laser surveys. 
28 
List of figures 
ix 
 
Figure 2.20 Distributions of the shoreline positions from 2002 to 2013 determined 
by aerial photographs and aerial laser surveys: Fairly considerable 
accumulations were processed in the southern portions near Choshi 
Fishery Port. 
30 
Figure 3.1 The first, second, and third modes given by the EOF for the northern 
and the southern faces of HL#1: The first and second modes indicate 
the synchronous patterns. Contrarily, the third mode shows the 
asynchronous pattern. 
36 
Figure 3.2 Schematic sketch of definitions of types of breaker positions and 
movements of shoreline according to wave directions around HLs 
(dashed arrow: indent wave direction, solid arrow: movement 
directions of shoreline depended on the wave marked same color): 
Type I indicate the synchronous patterns by high wave condition 
marked red color and by the SZE marked blue color. Type II 
represents the asynchronous pattern, and type III and IV mean the 
SZE and the synchronous patterns for the southern and the northern, 
respectively. Type III almost observes with southern waves, and type 
IV almost occurs with northern waves. 
37 
Figure 3.3 Bathymetric contours at Kashima Coast. White circle indicates 
location of HORS. Yellow dashed box means computational area for 
the study area. 
40 
Figure 3.4 Bathymetric contours for wave computations. Locations of the HLs 
(#1-5) were assumed and morphologies around HLs were interpolated 
with radar observations. 
41 
Figure 3.6 Distributions of long- and cross-shore wave energy fluxes at the 
sandy beach from -4,000 to 11,000 m on January 08, 2010. H1/3 = 3.1 
m, T1/3 = 13.3 s, and θ1/3 = 14.2 deg. (Positive 𝑃𝑙: To south, Negative 
𝑃𝑙: To north) 
43 
Figure 4.1 Significant wave height (upper panel), wave direction (middle panel, 
thin red line: original data, thick black line: 7-day moving average, 0 
deg. = normal incidence, positive = incident wave from the northern). 
45 
List of figures 
x 
 
Figure 4.2 Wave energy fluxes around the HLs from 2010 to 2013 estimated by 
wave field computations. Variations of wave energies around each HL 
are basically similar over four years. 
46 
Figure 4.3 Interannual variations of first modes given by the EOF and wave 
energy fluxes around HL#1 and #2 (2010-2013) and HL#4 (2010-
2011): Variations trends of HL#4 indicate the asynchronous patterns. 
In contrast, the synchronous patterns prevail around HL#1 and #2 
persistently over four years. 
47 
Figure 4.4 (a) Examples of variation rates by linear regression for summer of 
2010 and winter of 2011 and (b) variations of wave energy fluxes 
around HL#4. 
49 
Figure 4.5 Variation rates of 1
st
 modes from the EOF analysis for the southern 
faces and summations of 𝑃𝑙  around HL#1 and #4. The shoreline 
positions around the HLs vary with seasonal 𝑃𝑙 induced by incident 
waves. 
50 
Figure 4.6 Variations of 1
st
 modes from the EOF analysis and 𝑃𝑐 around HL#1 
and #4. 𝑃𝑐 are closely involved with instantaneous sudden variations 
of the shoreline positions around the HLs. 
53 
Figure 4.7 Total variances estimated by the EOF, categorization of breaking 
patterns (type I, II, III & IV), and wave condition around the HLs. 
The synchronizations of the shoreline positions at both faces and 
frequencies of the SZE around HL#1 and #2 are on the increase year 
by year. 
55 
Figure 4.8 (a) Distributions of the shoreline variations relative to the shore 
position in 2002 and (b) 𝑃𝑙 from 2010 to 2013 estimated by wave 
field computations (upper panel: cumulative 𝑃𝑙 and bottom panel: 
distributions of 𝑃𝑙 ). Considerable amounts of accumulations are 
consistently observed at the southern portion of the study area in 
panel (a). These advancements of the shoreline are supposed as the 
major reason of the SZE. Positive 𝑃𝑙  have been prevailed at the 
southern portion in panel (b) and maybe one reason for the consistent 
59 
List of figures 
xi 
 
progression of the shoreline positions at the southern portion observed 
in panel (a). 
Figure 4.9 Variations of the shoreline positions at HORS, HL#1, #2, #4 from 
2010 to 2013. The shoreline positions at HORS are stabilized. On the 
contrary, the shoreline positions around HL#1, #2, and #4 are 
advanced. 
60 
Figure 4.10 (a) Local views of HL#1 and (b) HL#4 from 2005 to 2013. The 
shorelines around HL#1 have been advanced from 2005 to 2013. As a 
result, the shorelines around HL#1 are considerably advanced in 2013 
close to the tip of the HL. On the other hand, the shoreline 
advancements are also observed around HL#4, but the shoreline are 
more landward than those of HL#1. 
61 
List of tables 
xii 
 
List of Tables 
 
Table 2.1 Detailed information of aerial laser surveys and aerial photos used in 
this work. 
29 
Table 2.2 Estimations of shoreline positions from aerial photo and laser survey 
and radar observation. Considerable amounts of accumulations are 
observed at southern faces of HL#1 and #2. 
31 
Table 3.1 Contribution and movement patterns of the shoreline at the HLs 
analyzed by the EOF analysis: The first, second, and third modes 
account for around 93 % of the shoreline variations for two data 
sets—2010-2011 and 2012-2013. Movement patterns of modes are 
categorized into asynchronous and synchronous patterns. Dominant 





List of abbreviations and nomenclatures 
xiii 
 
List of abbreviations and nomenclatures 
 
𝛼𝑏 Wave angle at breaker line [degree] 
Async. Asynchronous pattern in the shoreline variation 
β Intertidal beach slope 
𝐶𝑔𝑏 Wave group speed at breaker line [m/𝑠𝑒𝑐] 
𝑐𝑘(𝑡) Temporal component of EOF analysis 
CWM Coastal Wave Model 
𝑑𝑏 Water depth at breaker line [m] 
𝐸𝑏 Wave energy evaluated at the breaker line [kg ∙ 𝑚
2/𝑠𝑒𝑐2] 
𝑒𝑘(𝑥) Spatial component of EOF analysis 
EOF Empirical Orthogonal Function 
𝑔 Acceleration of gravity [9.81m/𝑠𝑒𝑐2] 
GPV Grid Point Value 
𝐻𝑏 Breaking wave height 
H1/3 Significant wave height [m] 
HL Headland 
HORS Hasaki Oceanographical Research Station 
JMA Japan Meteorology Agency 
𝑛 Number of data 
PARI Port and Airport Research Institute 
𝑃𝑙 Longshore wave energy flux [J/𝑚
2] 
List of abbreviations and nomenclatures 
xiv 
 
𝑃𝑐 Cross-shore wave energy flux [J/𝑚
2] 
SP Shoreline position [m] 
SZE Surf Zone Extension 
Sync. Synchronous pattern in the shoreline variation 
T1/3 Significant wave period [second] 
T.P. Tokyo Peil 
x Longshore extent [m] 
𝑥𝑤 Waterline position from digitization of time-stacked image 
y Cross-shore extent [m] 
𝑦𝑤 Elevation of the sea surface [m] 
y𝑠 Shoreline position from the digitization [m] 
y𝑠′ Shoreline position at the mean sea level [m] 
y𝑒(x, t) The shoreline variability of EOF analysis 
θ1/3 Significant wave angle [degree] 
∆SPar Amounts of advances between 2011 and 2013 determined from the aerial 
photos and the survey [m] 
∆SPra Amounts of advances between 2011 and 2013 determined from radar 
observation [m] 
∆𝑊𝑆 Breaker position at the southern face relative to the tip of the headland [m] 
∆𝑊𝑁 Breaker position at the northern face relative to the tip of the headland [m] 
∆𝑊 Breaker position relative to the tip of the headland [m] 
∆𝜂 Different elevation between the mean sea level and instantaneous tide level 
for the digitization [m] 
List of abbreviations and nomenclatures 
xv 
 
𝜌 Sea water density [1025kg/𝑚3] 
 
Chapter One: Introduction 
1 
 
CHAPTER ONE: INTRODUCTION 
 
1.1 Background 
Coastal engineering is an important branch of civil engineering and the study of the 
processes of the shoreline and constructions within the coastal zone. The objectives of coastal 
engineering involve management of shoreline erosion and accumulation, improvement of 
navigation channels of harbors, or port, utilization of infrastructures, understanding 
seismically triggered wave (tsunamis), and management of pollution in nearby marine 
environments. 
In nearshore, or onshore zone, the sediments have been constantly traveled by nearshore 
current system composed of longshore current, cross-shore current, and rip current. Some 
matters—related with littoral drift, or sediment—have been observed at coasts all over the 
world, such as siltation of harbor or port, resulting in serious problems in economy and 
society. Thus, a control, or management of the sediment transport has been studied as an 
important subject of the scientific issue in recent decades. As a result, coastal structures, such 
as artificial groins, headland, and jetties, attempted to control the sediment transport have 
been devised.  
At a well-developed 16-km-long sandy beach, Kashima Coast, facing Pacific Ocean, as 
the study area of this work, five artificial headlands (abbreviated as HLs) have been installed 
to control the longshore drift. They have covered half of the beach while other portions have 
remained unprotected from waves and currents. HL is a coastal structure similar to T-type 
groin, but has a larger canopy at the tip. Constructions of five HLs were initiated in 1985 and 
completed at 2002. 
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In recent times, remote sensing techniques, such as radars and video-based systems, 
have been employed to monitor the morphological variation at coasts, and they are useful to 
study nearshore processes because they enable researchers to scan over lager spatial extents 
(meters to kilometers) and various time scales (seconds to year). Nowadays video cameras or 
radars are utilized to coastal imaging technique and becoming popular for morphological 
measurements. Video-based system is inevitably affected by weather condition more 
sensitively than radars. Some of the limitations of video imaging can be overcome by using 
radar system. 
An X-band marine radar is an imaging tool tracing morphology and wave motions at 
nearshore region and becoming popular for coastal research in recent years. The X-band 
marine radar has been used to trace the movement of wave crests over several kilometers 
regions, and is utilizing to identify the coastal feature around coast line. The advantage in 
using of X-band marine radar system is that radar can monitor the coastal processes such as 
an advance or a retreat of the shore remotely and persistently under stormy conditions as well 
as calm conditions. By using the radar, an outcome of image type can be produced by 
backscatter signal from sea surface of the emitted radar beam, meaning can monitor during 
night and under slight rainy and stormy conditions well. With the radar image sequence, 
spatio-temporal study can be implemented with respect to the morphology and the wave 
action. The flaws of commercial marine radars are relative low sampling periods around 2 
second and difficulties in measuring of a movement of the current along long- and cross-
shore direction. 
Field observations on spatio-temporal variations of the morphology around three HL 
installed along the study area were done with X-band marine radars from 2010 to 2013. Four 
X-band radars have been installed to monitor hourly waves and morphology—one radar at 
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the research pier of Hasaki Oceanographical Research Station (HORS) of the Port and 
Airport Research Institute (PARI) of Japan, two more at the southern end of the beach 
protected by the HLs, and another at the northern end near Kashima Port. Each radar has a 
coverage of approximately 5 km and can trace the distributions of the waterline within the 
range determined by the tides and wave motions. 
In this work, spatio-temporal variations of morphology on both sides of the HLs were 
essentially continuously observed over four years with X-band marine radars, offering a 
fairly unique window over which to identify and strongly relate morphological characteristics. 
 
1.2 Review of literature 
 
1.2.1 Utilizations of X-band marine radar 
X-band marine radars have been used to trace the movement of wave crests over several 
kilometers and to identify coastal features. Bell (1999) tried to trace the wave motions and the 
water depth with X-band radar. He applied wave phase velocities and deep-water wave 
lengths calculated through linear wave theory to sequence radar images and then estimated 
the wave patterns and the water depth from radar images. Takewaka (2005) estimated 
shoreline positions and intertidal foreshore slopes at HORS of PARI, Kashima Coast, Japan 
with an X-band radar and found good agreement with survey data, concluding that radar 
measurement can be a powerful method for tracing the morphology of sandy coasts. Elsayed 
and Takewaka (2008) identified seasonal variations of longshore shoreline positions and 
longshore migrations with an X-band radar at Kashima Coast, Japan. They compared 
seasonal variations of longshore position with estimated longshore wave energy fluxes and 
observed longshore movements of shoreline mega-cusps within the intertidal range by 
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inspecting sequences of time-averaged radar images. They also estimated the longshore 
migration speeds of mega-cusps and compared them with the measured longshore current 
speeds and components of wave energy. They found that the maximum migration speed 
occurred between an incident wave angle of 40° and 45° for the northern migrations. 
 
1.2.2 Artificial headlands 
An artificial headland, or T-type groin, has been popularly used to control the longshore 
sediment transport, so there have been a considerable number of studies investigating 
shoreline variations and stabilization around this type of groin. 
Considerable numbers of studies concentrated to identify behaviors of morphology 
around T-type groins and to investigate stabilizations of morphology around T-type groins. 
Ishihara and Sawaragi (1964) investigated the stabilization of beaches protected by 
permeable T-type groins along the Imazu and Sakano Coasts, Tokushima, Japan. Through 
surveys, they compared shoreline configurations between groins with the amount of littoral 
drift in the absence of groins and discovered that the T-type groins effectively stabilized the 
local beaches. They concluded that the T-type groins are especially effective in stabilizing 
beaches where the direction of littoral drift changes rapidly. Sato and Tanaka (1974) 
estimated the differing influence of groins and offshore breakwaters in laboratory and field 
tests to suggest appropriate solutions to erosion problems along Suma Beach, west of Kobe, 
Japan. They found that combinations of offshore breakwaters and extended straight groins 
provide the best retention of sand fill and that T-type groins give better protection than a 
combination of straight groins and submerged breakwaters. Uda et al. (1988) investigated 
with soundings and aerial photos the stabilization of the coast by constructing artificial 
headlands at Kashimanada Coast, Ibaraki, Japan. They found that periodic changes of the 
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shorelines correspond to those of wave directions and that variations of the shoreline 
positions were reduced by the headlands. Saito et al. (1996) researched the nearshore current 
and shoreline changes around the artificial headlands at Kashimanada coast, Ibaraki, Japan. 
Using dyes, they determined that nearshore circulations were generated in the vicinity of the 
artificial headlands and that longshore currents reduced rip currents between two headlands, 
helping to confine sediment between headlands and stabilize the sandy beach. Also, from sea 
bed surveys and aerial photos, they found that the shoreline was stabilized by oblique 
incident waves. 
The efficient design and deployment of the T-type groins have been widely researched. 
Morphological behaviors around groins have been investigated to identify effects of the groin 
obviously and to estimate sediment transport around the groins. Bodge (1998) described a 
design protocol for T-type groins for the stabilization of beaches. He proposed a one-third 
rule, an approximate relationship between the length of the gap between groins and the 
position of the shoreline; specifically, the shoreline is parallel to a line connecting the heads 
of two adjacent groins and is at a distance from that line equal to 1/3 the length of that 
connecting line segment. He also suggested that the stability of a beach is enhanced when the 
longitudinal axis of the head of a groin is parallel to the crests of incident waves. 
Ö zölçer et al. (2006) researched the parameters of T-type groins—head length, groin 
length, and spacing between adjacent groins—using physical models, field tests, and 
numerical simulations. They examined shoreline changes around two T-head groins in a 
wave basin, varying the groin parameters and performing numerical calculations to estimate 
long- and cross shore components of sediment fluxes by using the CERC and Kamphuis 
models. The field study was conducted at two locations east of Tranzone Province, Turkey, 
with two groins at one location and a single T-head groin at the other. They introduced a 
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dimensionless accretion parameter R related to the accretion height within a groin, the total 
area protected by a groin, and wave height. Finally, comparisons of all of the parameters, 
such as the groin length, spacing of groins, length of the head, and wave height and angle, 
were carried out with the results from the laboratory tests, field studies, and numerical models. 
The researchers came to several conclusions: 1) A groin length of 100 cm was optimal for 
accretion. 2) The head length should be as long as possible to achieve more accretion. 3) The 
best ratio for the length of the gap between adjacent groins to the groin length is 
approximately two. 4) Greater values of both wave period and angle resulted in greater 
accretion in the physical and numerical models. 5) The amount of discharge and the wave 
height were inversely related. 6) The use of a pair of T-type groins resulted in better 
protection and extension of beaches.  
Muller et al. (2006) investigated sediment transport along artificial shorelines embayed 
with and without headlands near Townsville, NE-Queensland, Australia. They surveyed 
monthly beach profiles, estimated volumetric changes of the profiles, and reported a number 
of observations. 1) Changes of the beach within new embayment were more dynamic. 2) 
Sand was usually transported by dominant longshore currents induced by SE incident waves. 
However, at the southeastern end of the Strand, waves were refracted by the breakwaters and 
headlands resulting in transport of some coarse sediment southward. 3) Headlands greatly 
reduced the sediment transport along the coast whereas beaches without headlands 
experienced much greater sediment loss. 
Most of previous researches for T-type groins are concentrated on shoreline 
stabilizations and their effectiveness from macroscopic view, rather than understanding 
unsteady localized variations of shoreline in their vicinities caused by the construction. In this 
context, spatio-temporal variations of morphology on both sides of the HLs were essentially 
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and continuously observed over a year with X-band marine radars, and their characteristics 
were identified in this work. 
 
1.3 Objectives of this work 
As described above, spatio-temporal variabilities of morphology around the HLs were 
observed by X-band radars over four years, offering an opportunity to identify and 
understand a mechanism of morphological variation around the HLs. The main objectives of 
this work are (1) to determine the shoreline variability around the HLs (2) relate it with wave 
conditions and surf zone extensions and (3) reveal major cause of the surf zone extension 
with respect to long term shoreline variations. 
To achieve main objectives of this work in terms of the above discussion, important 
subjects of this work are the following: 
 
1) Spatio-temporal shoreline variability around the HLs. 
Seasonal and locational shoreline variations around the HLs are identified with 
Empirical Orthogonal Function (EOF) method. 
2) Relation of seasonal shoreline variability with seasonal incident wave conditions. 
The seasonal shoreline variabilities analyzed by the EOF are related with long- and 
cross-shore wave energy fluxes induced by incident waves. 
3) Casualty of spatial shoreline variability with surf zone extensions. 
Spatial variabilities were analyzed by the EOF, and spatial different in the shoreline 
variabilities are explained with respect to a surf zone extension. 
4) Long term trends of the shoreline variations. 
Chapter One: Introduction 
8 
 
Trends in long terms variations of the shoreline of the study area are estimated from 
aerial photographs and an aerial laser surveys and are considered as a major factor of 
the surf zone extension influencing spatial characteristics of the shoreline variations. 
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CHAPTER TWO: FIELD MEASUREMENT AND DATA 
PROCESSING  
 
Field observations with X-band marine radars of spatio-temporal variations of 
morphology around the HLs were implemented over four years. Observational results from 
radar measurements were time-averaged and -stacked to detect shore- and breaker lines 
around the HLs. 
 
2.1 Study site and artificial headlands (HLs) 
The study area for this work is a straight, well-developed, 16-km-long sandy beach on 
the southern part of the Kashima Coast, Ibaraki Prefecture, Japan, facing the Pacific Ocean 
between Kashima Port and Hasaki Fisher Port, as shown in Figure 2.1. 
Figure 2.1 Study area ▲: Radar location. HL (Headland, #1~#5): Artificial headland ●: Location of 
GPV (E140'48", N35'51") of Japan Meteorological Agency (JMA). 
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The well-developed sandy shorelines of coast had been preserved nearly natural state. 
The construction of the Kashima industrial port began in the late 1960s on the nearly middle 
portion of Kashima Coast. Since the construction of Kashima Port completed in the 
beginning of the 1970s, the Kashima Coast was divided into the northern and the southern 
parts with respect to littoral sediments ever since the main breakwater of Kashima Port 
extended to a depth of 20 m. Coastal erosion has been seriously occurred since the 1980s, 
especially for the southern half. To preserve and stabilize the coast, artificial HLs (HL#1~#5) 
have been employed along the coast at the southern Kashima Coast, and constructions of HLs 
was initiated in 1985 and completed in 2002. As a result, five HLs covered the half of the 
sandy beach while other portions have remained unprotected from waves and currents, as 
shown in Figure 2.1. 
 
Figure 2.2 Aerial view around HL#4 (August 25, 2009 around 17:00). 
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As described above, five artificial HLs have been deployed along the coast with 
intervals of approximately 1 km from 4,100 m to 9,700 m at the southern portion of the sandy 
beach, as shown in Figure 2.1. Figure 2.2 shows an aerial local view of HL#4, and all HLs 
have almost same specifications of design—size of a head is around 130 m and length of the 
HL is around 180 m, as shown in Figure 2.2. 
 
2.2 Radar observation 
Four X-band marine radars were installed along the coast to monitor the morphological 
variations within the intertidal zone and the wave motions. As seen in Figure 2.1, one radar 
was installed at the research pier of Hasaki Oceanographical Research Station (HORS) of the 
Port and Airport Research Institute (PARI) of Japan. Two radars were installed at the 
southern portion of the beach protected by the HLs. Another one was installed at the northern 
end near Kashima Port. Radar images were time-averaged and stacked to identify the 
characteristics of the morphological variations. 
Figure 2.3 Radar antenna (width ~ 2.8 m) on the roof of Hasaki RDF Center in the vicinity of HL#1. 
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2.2.1 X-band marine radar system 
The radar system employed in this study is conventional X-band marine radar, which is 
usually installed on fishery or recreational boats. Each radar has a coverage of approximately 
5 km and can trace the distributions of the waterline within the range determined by the tides 
and wave motions. 
Figure 2.3 shows a radar antenna on the roof of Hasaki RDF Center 
(http://www.kcj.or.jp/ page2_5.htm) in the vicinity of HL#1. The antenna rotates with a 
period of approximately 2.6 seconds, and radar backscatter from the sea surface, so-called sea 
clutter, are captured with a specially designed A/D-board with a sampling rate of 20 MHz and 
8-bit accuracy installed on Windows PC. The sampled echo signals from the sea surface are 
converted to a rectangular image of 1,024 pixels in the horizontal (longshore extent) and 512 
pixels in the vertical (cross-shore extent), as shown in Figure 2.4, which shows examples of 
radar echo images. Panel (a) of Figure 2.4 is sea state during calm wave condition, (b) is 
Figure 2.4 Examples of radar echo images: (a) Calm (2010/01/02). (b) High wave condition 
(2010/01/08). (c) Local view in the vicinity of HL during high wave condition. 
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during high wave condition, and (c) is local view of the HL#4. In echo images, several 
features, such as wave crests, wave ray, and waterline positions, can be identified. Further 
details of the radar system were described by Skolnik (1990) and Takewaka (2005). 
 
2.2.2 Time-averaged images 
Individual echo images sampled every 2 seconds by radar were accumulated, and total 
512 echo images (512 x 2sec. = 1024 sec. ~ 17 min.) were averaged from 0 to 17 minutes for 
every hour yielding a “time-averaged image” or so-called “time exposure” (Takewaka, 2005).  
The time-averaging causes reflections from individual waves to be minimized, and off- 
and onshore edges of extending in the longshore direction become visible, enabling more 
persistent features, such as water- and breaker lines, to be delineated, as evident in the time-
averaged images for HLs #1, #2, and #4 in Figure 2.5, in which the water- (red solid line) 
and breaker line (yellow dashed line) can be identified. Movements of the water- (blue solid 
lines) and breaker line (blue dashed lines) can be also determined. The accuracy of 
morphological feature from the time-averaged images was compared with survey results by 
Takewaka (2005). 
Figure 2.5 Examples of the time-averaged image for low (right) and high (left) tide periods: Water- 
and breaker line, and movement of them can be identified. 
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The waterline is the contact line of the land and the water at every measurement. In this 
study, the shoreline position is defined at mean sea level, which will be described in the 
following chapter. 
 
2.3 Wave and tide data 
Offshore waves—Grid Point Values (GPV) were predicted with Coastal Wave Model 
(CWM) by Japan Meteorology Agency (JMA; http://www.jma.go.jp/)—were collected close 
to the HORS pier over a depth of approximately 24 m (See Figure 2.1). Significant offshore 
wave height H1/3, wave period T1/3, and wave propagated direction θ1/3 from CWM were used 
in this study for estimations of wave energy fluxes. Details of CWM have been described by 
Figure 2.6 Sea state from 2010 to 2013. Significant wave height (upper panel), wave direction 
(middle panel, thin red line: original data, thick black line: 7-day moving average, 0 deg. = normal 
incidence, positive = incident wave from the northern), and tide level based on Tokyo Peil (bottom 
panel, thin blue line: original data, thick yellow line: 7-day moving average). 
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JMA (Sea State Models, http://www.jma.go.jp/jma/jma-eng/jma-center/nwp/outline2013-
nwp/index.htm). Hourly tide level have been measured by JMA at Choshi Fishery Port, 
locating approximately 15 km south from the HORS, as shown in Figure 2.1. Interannual 
variations of wave conditions and tides are shown in Figure 2.6. 
GPV wave data were used as offshore boundary in wave field computations, and tide 
data were used to determine the shoreline positions. They will be described in the following 
chapter. 
 
2.4 Detections of shore- and breaker line 
The time-averaged images described in chapter 2.2.2 were stacked to digitize water- and 
breaker lines around the HLs. Intertidal foreshore slopes were determined by the digitized 
water line and help of the tidal records, and the shoreline positions were estimated at the 
mean sea level determined by intertidal foreshore slopes. In addition, breaker lines were 
digitized from time-stacked images. 
 
2.4.1 Time-stacked image and digitization of water- and breaker line 
In order to visualize spatio-temporal water- and breaker line positions, the time-averaged 
images were processed to time-stacked images. The time-stacked image is a composite, 
combinational image with one axis indicating time and the other indicating the cross-shore 
extent. 
Off- and onshore pixel intensities in the time-stacked images correspond to off- and 
onshore edges, indicating breaker line and water line described in chapter 2.2.2. These water- 
and breaker lines are extracted from the sequence of the time-averaged images, meaning the 
time-stacked processing. Processes of the time-stacked images are depicted in Figure 2.7, 
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and are implemented in the following manners. 1) The time-averaged images are stacked in 
time sequence. 2) The northern and southern sides of the HL are extracted from every 
stacked-image. 3) The extracted pixels are aligned in a row according to the northern (upper 
panel) and the southern (bottom panel) by the time sequencing. 
Six transections (x = 5920, 6320, 8520, 8920, 9560, and 9960 m) at the northern and the 
southern faces of HLs were selected to detect the water- and the breaker lines. Each 
transection is 200 m from the center of the nearest HL—a pair of transections for each HL, as 
shown in Figure 2.8.  
For each transection, the time-averaged images were stacked, as in Figure 2.9 for the 
northern and southern faces of HLs with tide record and wave height for January 1-10, 2010. 
The horizontal axes of all panels in Figure 2.9 are time. The vertical axis in (a) is the cross 
shore extent relative to each radar station, and the vertical axis in (b) is the sea level based on 
Figure 2.7 Processing of cross-shore time-stack from series of the time-averaged images. 
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Tokyo Peil (T.P.). In Figure 2.9, the water- and the breaker lines were traced by eye as white 
lines. The upper line is the breaker line, and the lower, the waterline. The waterline is the 
border between the land and the water at every measurement. In this study, the shoreline 
position was defined by the mean sea level, and details of estimations for the shoreline 
positions will be described in the following chapter. 
Figure 2.10 displays the variations of the water- and breaker lines at the northern face of 
HL#4 digitized in Figure 2.9 and the tidal records for January 1-10, 2010. It can be clearly 
seen that the waterlines shift with the tide. In addition, the movement of the breaker lines 
depends on wave conditions, as shown in Figure 2.9 and 2.10. If the waves are moderate 
(e.g., from Jan. 1-6), the breaker line moves with the waterline—both moving seaward or 
landward in synchrony. On the other hand, if the waves are high (e.g., Jan. 7-10), the breaker 
line remains far away from the shore regardless of the position of the waterline. 
Figure 2.8 Six transections (red dashed line) at the northern and southern faces around HLs. Each 
transection is 200 m from the center of the HL. 




Figure 2.9 Example of time-stack images of morphological observations around the HLs (a) 
and sea state (b) from January 1 to 10. 






2.4.2 Intertidal beach slope 
As described in the previous chapter, the waterline is instantaneous border between the 
land and sea, as sketched schematically in Figure 2.11. By manual digitization on the time-
Figure 2.10 Waterline and breaker positions from digitization at the northern face of HL#4 
(x=5,920 m) and tidal variations measured at Choshi Fishery Port. (2010 January 01 ~ 10, 
JST, T.P.: Tokyo Peil). 
Figure 2.11 Mapping of intertidal bathymetry. 
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stacked images, the cross-shore positions of the water lines are determined from the time-
stacked images, as displayed in Figure 2.10. After digitizing the waterline positions at 
different tide levels, intertidal foreshore profile of the concave sea bed was defined as the 
slope given by the linear regression of the waterlines from high and low tide, meaning 
intertidal range, and the linear regression is defined as follows: 















,   𝑏 = 𝑦𝑤̅̅̅̅ − 𝑎𝑥𝑤̅̅̅̅   (2.2) 
Figure 2.12 Example of linear fitting of intertidal beach profile at the northern face of HL#4 (x = 
5,920 m). Datum of elevation is from the tidal records, and individual water line positions are from 
manual digitization on the time-stack image. Shoreline position (= 53 m) is defined at the elevation 0 
m. 
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where 𝑦𝑤  are elevations of the sea surfaces recorded at Choshi Fishery Port, 𝑥𝑤  are 
waterline positions from digitization, 𝑛 is total numbers of data, a is a slope of fitting line 
and equivalent to beach profile, and 𝑏 is intercept. Accuracy of foreshore profile was 
compared and discussed with the surveyed bottom profile by Takewaka (2005). 
The shoreline was determined by Equation 2.1 and 2.2 with 7-day regression at the 
mean sea level, meaning let 𝑦𝑤 = 0 in Equation 2.1, as shown in Figure 2.12 for the 
Figure 2.13 Interannual variations of β for the HLs from 2010 to 2013: Since radar around HL#4 was 
removed on May 30, 2012, analysis for HL#4 was done for 2010 and 2011. β for the HL#4 are 
generally steeper than those of HL#1 and #2. 
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northern face of HL#4 in which the shoreline is 53 m from the radar station, and the intertidal 
foreshore slope (abbreviated as β) is 0.03. 
β for the northern and southern faces of three HLs were estimated from 2010 to 2013 and 
are displayed in Figure 2.13, which shows interannual variations of β around three HLs from 
2010 to 2013. There were sometimes troubles in the measurements (e.g., May of 2010), and 
no data were available for these periods. Since the radar around HL#4 was removed on May 
30, 2012, β for both faces of HL#4 were determined only for 2010 and 2011. It can be seen 
Figure 2.14 Interannual variations of the shoreline positions around the HLs from 2010 to 2013: 
Since radar around HL#4 was removed on May 30, 2012, analysis for HL#4 was done for 2010 and 
2011. 
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from Figure 2.13 that β for HL#4 are generally steeper than those of HL#1 and #2. Such 
different in β will be discussed with respect to frequencies of surf zone extensions in the 
following chapter. 
 
2.4.3 Determination of the shoreline position 
As described in chapter 2.4.2, β were determined with the digitized waterline and the 
measured tidal variations. A shoreline position was defined at mean sea level by β, as shown 
in Figure 2.12. By analyzing variations of the shoreline positions defined around the mean 
sea level, movements of the shore positions such as advances, or retreats can be identified, 
which means that movements of the shore can be considered as reflections from incident 
waves, without tidal influence in terms of tide types such as neap or spring tides. 
Interannual variations of the shoreline positions around the HLs from 2010 to 2013 
determined by β are shown in Figure 2.14. The shoreline positions around HL#4 were also 
estimated for 2010 and 2011 on account of removal of near radar for HL#4. 
Variations of the shoreline positions shown in Figure 2.14 will be analyzed by 
Empirical Orthogonal Function method in chapter 3, and will be discussed in terms of 
seasonal and locational variabilities in chapter 4. 
As shown Figure 2.14, the shoreline positions around HL#1 and #2 are more close to 
the tips of the HLs compared to that of HL#4, and these shoreline positions relative to the tips 
of the HLs will be considered and discussed in chapter 4 as important factor influencing 
spatial variabilities of the shoreline positions. 
 
2.4.4 Breaker positions and surf zone extension (SZE) 
Cross-shore locations of the breaker lines were digitized from the time-stacked images, 
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as well as the waterlines, and quantified as variables ∆𝑊𝑆 and ∆𝑊𝑁 defined schematically 
in Figure 2.15. (The subscripts s and n denote southern and northern.) These variables mean 
breaker position relative to the tip of the HL and help to understand breaking pattern around 
the HLs. Positive values reflect breaker lines located seaward beyond the tip of the HLs, and 
negative, landward before the tip of the HLs. 
These variables will be used to elucidate a “surf zone extension (SZE)” in which breaker 
lines are shifted seaward by the advanced shoreline positions. The SZE may make the current 
bypass the HL and the currents transport the sediments along the coast, which implies that the 
SZE may be closely related to the shoreline variabilities around the HLs. In this context, the 
SZE will be related and discussed with the shoreline variability around the HLs in the 
Figure 2.15 Definition of variables ∆𝑾𝑺 and ∆𝑾𝑵, meaning locations of breaker line relative 
to the tip of the HL. The subscripts s and n denote southern and northern. Size of the head ~ 130 
m, Length of headland ~ 180 m. 




Interannual variations of the variables from 2010 to 2013 are shown in Figure 2.16, in 
which the tips of the HLs are nil. These variables vary with incident wave heights, as shown 
in Figure 2.16. In winter and spring (December-May), incident wave heights are relative 
higher than those of summer and autumn (June-November). Therefore, breaker lines locate 
more offshore than summer and autumn. 
As shown in Figure 2.16, the variables ∆𝑊𝑆 and ∆𝑊𝑁—breaker positions relative to 
the tips of the HLs—vary with HL. Around HL#4, ∆𝑊𝑆 and ∆𝑊𝑁 almost indicate negative 
values from 2010 to 2011, meaning breaker lines for both faces of HL#4 usually are landward 
before the tip of the HL#4. On the other hand, ∆𝑊𝑆 and ∆𝑊𝑁 of HL#1 and #2 are closer to 
nil than those of HL#4 from 2010 to 2011, and show positive values frequently from 2012 
and 2013, indicating breaker lines around HL#1 and #2 locate beyond the tips of the HLs 
frequently. Especially, variables of HL#1 are almost positive from 2010 to 2013. The main 
causes why breaker lines around HL#1 and #2 locate more offshore compared to those of 
HL#4 are maybe the shore locations relative to the tips of the HLs and intertidal foreshore 
slopes. The shore locations around HL#1 and #2 are closer to the tip than those of HL#4, and 
foreshore slopes around HL#1 and #2 are milder than those of HL#4. Therefore, breaker lines 
may locate more offshore compared to HL#4. These obvious distinctions in breaker positions 
around HLs will be analyzed with respect to the SZE and related to the shoreline variabilities 
in the following chapter. 
 








Figure 2.16 (a) Interannual variations of variables ∆𝑾𝑺 and ∆𝑾𝑵 around the HLs and (b) incident 
wave conditions from 2010 to 2013 provided from JMA: Significant wave heights (upper panel) and 
wave direction (bottom panel, thin red line: original data, thick black line: 1-day moving average, 0 
deg. = normal incidence, positive = incident wave from the northern). 
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2.5 Shoreline detection by aerial laser surveys and photographs 
Banno (2015) has analyzed the shoreline variabilities at Kashima Coast by aerial 
photographs and aerial laser surveys from 1961 to 2005. In addition, the shoreline 
variabilities from 2005 to 2013 by aerial photographs and laser surveys were determined in 
this work. As mentioned above, constructions for five artificial HLs were completed in 2002. 
Therefore, by analyzing trends in long term variations of the shoreline from 2002, 
characteristics of the shoreline variation in the vicinity of the HLs can be identified and 
discussed in respect to the SZE. 
Estimations of long term trends in the shoreline variabilities within the sandy beach—
from around -4,000 to 11,000 m of longshore extent x in Figure 2.17—were processed in the 
following manners: 1) Shoreline positions were digitized manually by inspection along the 
shore (see Close-up for HL#4 in Figure 2.17), and 2) Results were summarized in a 
coordinate system with origin on the HORS pier and 3) modified according to mean sea 
levels based on T.P. and approximate bottom slopes shown in Figure 2.18, which shows 
Figure 2.17 Total view of aerial photo for sandy beach (~15 km) in 2013. ●: Origin point 
(35°50'27.85'', 140°45'42.03''), ▽: HLs, and red solid line: digitized shoreline. 
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approximation of foreshore bottom slopes within the sandy beach by the measurement—
foreshore slope from -4,000 to 2,000 m is constant as 0.027 and convex approximate curve 
from 2,001 to 12,000 m is defined by the measured foreshore slopes by Banno (2015). Figure 
2.19 schematically depicts the definition of tidal correction for the digitized shore position 
from aerial photo with mean sea level and bottom slope.  
The shoreline positions at the mean sea level can be defined by the tidal corrections as 
Figure 2.18 Approximate foreshore slopes of sandy beach defined by Banno (2015). Foreshore slope 
from -4,000 to 2,000 m was constant as around 0.027 and convex approximate curve from 2,001 to 
12,000 m was defined by the measured foreshore slopes. 
Figure 2.19 Definition of tidal correction for the shore position digitized by aerial photographs and 
laser surveys. 





′ = y𝑠 + ∆η/β ,   ∆𝜂 = 𝑇. 𝐿 − 𝑀. 𝑊. 𝐿                  (2.3) 
where y𝑠 is the shoreline position from the digitization, y𝑠′ is the shoreline position at the 
mean sea level, and ∆𝜂  is difference between the mean water level ( 𝑀. 𝑊. 𝐿 ) and 
instantaneous tide level (𝑇. 𝐿) at the observation. 
Detail information of determinations by aerial photographs and laser surveys from 2005 
to 2013 are provided in Table 2.1. The exact date of survey at 2011 is unknown, and it was 
done May of 2011. The outcomes of the shoreline distributions are depicted in Figure 2.20. 
The shoreline positions for 2002 were provided by Banno (2015) and the other years were 
determined by this work. In the recent years (2009-2013), trends in distributions of the 
shoreline positions of Figure 2.20 indicate that fairly considerable amounts of accumulations 
are observed at the southern portions near Hasaki Fishery Port at Kashima Coast, as seen 
evidently from around 7,800 m in the vicinity of HL#3 in Figure 2.20. 
 
 
Table 2.1 Detailed information of aerial laser surveys and aerial photos used in this work. 
Date (JST) Datum Source Tide Level 
2005/10/23 15:00 Aerial laser survey 0.5 m 
2006/11/08 12:00 Aerial laser survey 0.5 m 
2009/08/25 17:00 Aerial photograph 0.54 m 
2011/05 Aerial laser survey 0.5 m 
2013/08/28 11:00 Aerial photograph 0.1 m 
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These long term variations of the shoreline are compared with observations results from 
radar estimation in the vicinity of the HLs in Table 2.2. The symbols ∆SPar and ∆SPra 
denote the amounts of shoreline movements between 2011 and 2013 determined from the 
aerial photos and the survey and the radar observations, respectively. As shown in Table 2.2, 
slight accumulations are observed around HL#4 whereas much larger accumulations of 
shorelines are observed around HL#1 and #2, especially at the southern faces of HL#1. Such 








Figure 2.20 Distributions of the shoreline positions from 2002 to 2013 determined by aerial 
photographs and aerial laser surveys: Fairly considerable accumulations were processed in the 
southern portions near Choshi Fishery Port. 
Chapter Two: Field measurement and data processing 
31 
 
Table 2.2 Estimations of shoreline positions from aerial photo and laser survey and radar observation. 
Considerable amounts of accumulations are observed at southern faces of HL#1 and #2. 
Longshore position x 
[m] 
Shoreline positions of aerial  
photo and survey y [m] 
Shoreline positions of radar  










(northern of HL#4) 
105 111 6 104 - - 
6,320  
(southern of HL#4) 
180 197 17 184 - - 
8,520  
(northern of HL#2) 
260 297 37 277 304 27 
8,920  
(southern of HL#2) 
295 325 30 301 318 16 
9,560  
(northern of HL#1) 
355 374 19 368 388 20 
9,960  
(southern of HL#1) 
390 446 56 378 431 53 
 
2.6 Sediment supply from Tone River 
Since HL#1 and #2 locate near the Tone River, it is necessary to check the influence of 
sediment supply from the Tone River into the sandy beach. 
Sato et al (2000) analyzed compositions of deposit soils in sandy coast from Kashima 
Port to Hasaki Fishery Port, and investigated influence of sediment supply from the Tone 
River by age dating analysis and wave and current observations around Hasaki Fishery Port. 
They suggested that sediment supply from the Tone River into Kashima Coast had been 
decreased since the breakwater of Hasaki Fishery Port was expanded to water depth of 8 m in 
1980. 
Uda et al (2007) studied beach changes at Kashima Coast and estimated amount of 
sediment supply from the Tone River into Kashima Coast from 1990 to 2006. According to 
Chapter Two: Field measurement and data processing 
32 
 
their results, amount of sediment from the Tone River is 56,000 m
3
/year, and most of it, 
50,000 m
3
/year, has been accumulated around east breakwater of Hasaki Fishery Port next to 
the mouth of the Tone River. Rest of it accumulated around vicinity of Hasaki Fishery Port 
and reached to the southern position of the sandy coast near HL#1. 
In addition, east breakwater of Hasaki Fishery Port was extended to total length of 1965 
m in 2008, and water depth of the breakwater tip is around 9 m, which implies sediments 
supply from the Tone River into sandy coast may be decreased. Hence, influence of sediment 
supply from the Tone River is regarded as insignificant, and not taken into account in this 
study. 
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CHAPTER THREE: METHODS OF ANALYSES 
 
In this study, variations of the shore- and breaker lines around HLs were essentially 
continuously observed over four years with X-band marine radars. The shoreline variations 
from measurements were analyzed by Empirical Orthogonal Function (EOF) method, and the 
breaker positions relative to the tips of the HLs were categorized into four types to reveal 
causality between the shoreline and breaker positions. Wave field computations were 
implemented to identify local long- and cross shore wave energy fluxes (𝑃𝑙 and 𝑃𝑐) around 
the HLs. 
 
3.1 Empirical Orthogonal Function (EOF) analysis of shoreline positions 
A useful technique for identifying the variability of time-series data is EOF method 
developed in 1956, which provides a dominance of spatial and temporal variability of data 
series with respect to orthogonal function, or statistical mode. The EOF applications have 
been popularly used to analyze the shoreline variability (Miller and Dean, 2007; Paradjoko 
and Tanaka, 2010; Takewaka and An, 2013; Turki et al., 2013). In the EOF, the shoreline 
variabilities can be expressed as follows: 




where y𝑒(x, t) denotes the shoreline variability in time and space, 𝑛 is the number of data, 
𝑐𝑘(𝑡) is the temporal component, and 𝑒𝑘(𝑥) is the spatial component.  
Details of the EOF and mathematical derivations have been described by Emery and 
Thomson (2001). In this study, the EOF analysis was applied to separate the variations of the 
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shoreline variabilities around the HLs into independent modes and identify the most 
dominant. Distributions of the shorelines around the HLs were observed and determined at 
six transections for the HLs—a pair of transections for each HL, as described above. Various 
characteristics of the shoreline were analyzed by the EOF. 
Because the radar around HL#4 was removed at May of 2012, the EOF analysis was 
performed on two separate data sets—one for 2010 and 2011, and the other for 2012 and 
2013. Six records of the shoreline positions (x=5,920, 6,320, 8,520, 8,920, 9,560, and 9,960 
m) around all the HLs were analyzed simultaneously and decomposed into six independent 
modes in the earlier years, and four records (x= 8,520, 8,920, 9,560, and 9,960 m) around 
HL#1 and #2 into four independent modes, for the latter years. Table 3.1 gives the 
contributions of each mode of the variations and categorizes the modes into an asynchronous 
or synchronous pattern of the shoreline variabilities—an asynchronous (antisymmetric, or 
negatively correlated) pattern in which if the shoreline of one face shifts seaward, the other 
moves landward, and a synchronous (symmetric, or positively correlated) pattern indicates 
the shorelines of both faces of the HL move landward or seaward in synchrony. The first, 
second, and third modes account for around 93 % of the shoreline variations for two data 
sets—2010-2011 (93.48 %) and 2012-2013 (93.05 %), as shown in Table 3.1. The first and 
second synchronous modes and the third asynchronous mode for the northern and the 
southern faces of HL#1 are shown in Figure 3.1, which demonstrates that the first and 
second modes indicate the synchronous patterns, in contrast, the third mode shows the 
asynchronous pattern. Outcomes given by the EOF for all HLs will be displayed and 
discussed in the next chapter.
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Table 3.1 Contribution and movement patterns of the shoreline at the HLs analyzed by the EOF analysis: The first, second, and third modes account for 
around 93 % of the shoreline variations for two data sets—2010-2011 and 2012-2013. Movement patterns of modes are categorized into asynchronous and 
synchronous patterns. Dominant pattern of HL#1 and #2 is synchronous, in contrast, that of HL#4 is asynchronous. 
Modes 
2010-2011 2012-2013 
Percent of total 
variance [%] 
Movement patterns 
[asynchronous and synchronous 
patterns] Percent of total 
variance [%] 
Movement patterns 
[asynchronous and synchronous 
patterns] 
HL#1 HL#2 HL#4 HL#1 HL#2 
Frist mode 78.96 Sync. Sync. Async. 70.80 Sync. Sync. 
Second mode 9.63 Sync. Async. Async. 13.45 Sync. Sync. 
Third mode 4.89 Async. Sync. Sync. 8.8 Async. Sync. 
Fourth mode 2.93 Sync. Async. Sync. 6.95 Sync. Async. 
Fifth mode 2.49 Sync. Sync. Async. 
None 
Sixth mode 1.1 Async. Async. Async. 




3.2 Categorization of breaker positions with respect to SZE 
In coastal engineering, wave breaker position has been known as one of important factor 
influencing the shoreline variations within the coastal zone because it is offshore edge of the 
surf zone. Within the surf zone, wave driven currents, so-called nearshore currents, transport 
sediments along the coast according to incident wave directions. These processes are very 
important for the shoreline configurations. 
In this study, two kinds of patterns for shoreline variability—asynchronous and 
synchronous described above—have been identified around the HLs. To infer their causes, 
Figure 3.1 The first, second, and third modes given by the EOF for the northern and the southern 
faces of HL#1: The first and second modes indicate the synchronous patterns. Contrarily, the third 
mode shows the asynchronous pattern. 
Chapter Three: Methods of analyses 
37 
 
the variables ∆WS and ∆WN around HLs—breaker positions relative to the tips of the 
HLs—were categorized into four types. 
 
Figure 3.2 Schematic sketches of definitions of types of breaker positions and movements of 
shoreline according to wave directions around HLs (dashed arrow: indent wave direction, solid arrow: 
movement directions of shoreline depended on the wave marked same color): Type I indicate the 
synchronous patterns by high wave condition marked red color and by the SZE marked blue color. 
Type II represents the asynchronous pattern, and type III and IV mean the SZE and the synchronous 
patterns for the southern and the northern, respectively. Type III almost observes with southern waves, 
and type IV almost occurs with northern waves. 
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The purpose of categorization for breaker positions around the HLs is to find out a 
relation of the shoreline variability and the SZE. The basic meaning of the SZE is locations of 
the breaker lines relative to the tips of the HLs. Major factors influencing the SZE are 
incident wave heights and advancements of the shoreline positions. The continuous 
advancements of the shoreline positions around the HLs must extrude the breaker lines to 
offshore, meaning the surf zones are extended to offshore by the advancements of the 
shoreline position. If we can identify that relation between the SZE and the shoreline 
variations around the HLs, it will help to understand the shoreline process around the coastal 
construction such as the HL, a jetty, and a breakwater. 
In order to determine relations among incident wave conditions, breaker positions, and 
shoreline movements around the HLs, breaker positions around the HLs were categorized 
into four types. Definitions of four types of breaker positions and the shoreline variabilities 
depending on incident wave directions are depicted in Figure 3.2. Type I sketched in panel (a) 
indicates that breaker lines for both faces locate beyond the tip of the HL by high wave 
conditions marked with red colors in panel (a) and SZE marked with blue colors in panel (a). 
Type II indicates that breaker lines for both faces are landward of the tip of the HL. Types III 
and IV show the SZE for the southern and the northern by the advanced shoreline positions, 
respectively. 
Results of categorization will be discussed with the shoreline variabilities in respect to 
the SZE, and frequency of the SZE will be discussed with respect to the shoreline variability 
and the estimated intertidal beach slopes in the following chapter. 
 
3.3 Wave field computations 
Wave actions are closely related with the shoreline variability. In order to determine 
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relation between incident waves and the shoreline variabilities, wave height distributions 
within the study area were computed, and local long- and cross-shore wave energy fluxes 
(abbreviated as 𝑃𝑙 and 𝑃𝑐) around the HLs were calculated with REF/DIF 1 model (Kirby et 
al., 2002). 
REF/DIF 1 model is a phase-resolving parabolic refraction-diffration model for ocean 
surface wave propagation and its development was started in 1982 and the letest version was 
presented in 2002. Since development of REF/DIF 1, it have been populraly used in wave 
dynamic computations (Kirby and Dalrymple, 1983; Hass et al., 2002; Bender and Dean, 
2003; Hass et al., 2003; Fengyan and Kirby, 2005; Fassieh, 2013). 
 
3.3.1 Bathymetry 
The bathymetric data of Kashima Coast were collected in a rectangular-grid format with 
size of 96 m in both long- and cross-shore directions, as shown in Figure 3.3, which is 
approximate 100 km from the north to south in longshore direction and 57 km in cross-shore 
direction. Bathymetric data for the study area marked in yellow dashed box in Figure 3.3—
approximate 18 km in longshore direction and 4 km in cross-shore direction—was extracted 
to implement wave field computations for the sandy beach and are depicted in Figure 3.4. 
Local bathymetry shown in Figure 3.4 was assumed in the following manners: 1) Locations 
of the five HLs were assumed by aerial photograph and (2) the HLs were manually inserted, 
and (3) the shore positions in the vicinity of the HLs were manually determined based on 
results from radar observations and (4) bathymetry around the HLs were interpolated by 
manually determined shore positions. 
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Figure 3.3 Bathymetric contours at Kashima Coast. White circle indicates location of HORS. Yellow dashed box means computational 
area for the study area. 




3.3.2 Model implementation and estimations of wave energy fluxes 
As described above, REF/DIF 1 was used in wave computation. The local bathymetric 
data for the study area are approximate 18 km in longshore and 4 km in cross-shore direction 
and the rectangular-grid format with size of 20 m in longshore and 10 m in cross-shore 
direction. 
Offshore boundaries are over water with depth of about 24 m in longshore direction. 
GPV wave data provided by JMA are used for offshore boundary conditions, and lateral 
boundaries in cross-shore direction are open boundary conditions. 
Daily wave computations were performed over four years. Wave breaking heights, wave 
angles, and water depths around the HLs were collected at breaker positions in the 
computational domain, and then the 𝑃𝑙 and 𝑃𝑐 were estimated through linear wave theory 
around each HL as follows: 
𝑃𝑙 = (𝐸𝑏𝐶𝑔𝑏) sin 𝛼𝑏 cos 𝛼𝑏 ,  𝑃𝑐 =  (𝐸𝑏𝐶𝑔𝑏) cos
2 𝛼𝑏               (3.2) 
where 𝐸𝑏 is the wave energy evaluated at the breaker line and 𝛼𝑏 is the breaker angle 
relative to the shoreline, 
𝐸𝑏 = 𝜌𝑔𝐻𝑏
2/8                              (3.3) 
Figure 3.4 Bathymetric contours for wave computations. Locations of the HLs (#1-5) were assumed 
and morphologies around HLs were interpolated with radar observations. 
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and 𝐶𝑔𝑏 is the wave group speed at the breaker line, and 𝜌 is water density, 
𝐶𝑔𝑏 = √𝑔𝑑𝑏                                (3.4) 
where 𝑑𝑏 is the water depth at the breaker line and 𝑔 is the acceleration of gravity. The 
term (𝐸𝑏𝐶𝑔𝑏) is the “wave energy flux” evaluated at the breaker line. 
Examples of distributions of wave heights and wave energy fluxes from wave 
computation on January 08, 2010 are displayed in Figure 3.5 and 3.6, respectively. Incident 
wave conditions are 𝐻1/3 = 3.1  m, 𝑇1/3 = 13.3  sec., and 𝜃1/3 = 14.2° , implying 
southward longshore energy fluxes must be prevalent. Distributions of wave heights depicted 
in Figure 3.5 show fairly high and somewhere are more than 4.5 m, by the reflection of 
incident waves. 
𝑃𝑙 and 𝑃𝑐 were estimated for the sandy area from -4,000 to 11,000 m, as shown in 
Figure 3.6. Positive value of longshore component means the southward longshore energy 
flux. As shown in Figure 3.6, the southward longshore energy fluxes are prevailing at the 
study area, reflecting that incident wave direction from the northern. 
𝑃𝑙 and 𝑃𝑐 were computed for four years from 2010 to 2013, and will be compared with 
the shoreline variability in the following chapter. 
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Figure 3.5 Distributions of wave heights from wave filed computation on January 08, 2010. H1/3 = 3.1 m, T1/3 = 13.3 s, and θ1/3 = 14.2 deg. 
Figure 3.6 Distributions of long- and cross-shore wave energy fluxes at the sandy beach from -4,000 to 11,000 m on January 08, 2010. H1/3 = 3.1 m, 
T1/3 = 13.3 s, and θ1/3 = 14.2 deg. (Positive 𝑷𝒍: To south, Negative 𝑷𝒍: To north) 
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CHAPTER FOUR: RESULTS AND DISCUSSION 
 
As describe above chapters, over four years, spatio-temporal variations of the shoreline 
around the HLs were observed by X-band radars and analyzed by the EOF. In addition, wave 
breaking patterns around the HLs were digitized and categorized into four types, and 𝑃𝑙 and 
𝑃𝑐 were estimated by wave field computations. 
Temporal variations of the shoreline positions are discussed with seasonal wave energy 
components. Spatial variations of the shoreline positions around the HLs—the asynchronous 
and synchronous identified by the EOF analysis—are related to breaker positions relative to 
the tips of the HLs categorized in terms of the SZE. 
 
4.1 Seasonal incident waves and wave energy fluxes 
Seasonal incident waves—GPV wave data provided JMA—were collected close to the 
HORS pier over water with a depth of approximately 24 m, as described in chapter 2.3. In 
addition, long- and cross-shore wave energy fluxes were estimated by wave field 
computations, as described chapter 3. 
Significant wave heights and incident wave directions from 2010 to 2013 are shown in 
Figure 4.1, and seasonal trends in incident waves can be identified. During four years, 
although several high incident waves, such as stormy conditions, are observed, seasonal cycle 
of incident waves can be understood. 
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Incident wave characteristics vary with the season. As shown in Figure 4.1, in winter 
(Dec.-Feb.), high waves come frequently from the north. In spring (March-May), low 
southern waves and high northern waves are observed. In summer (June-August), the waves 
are low and come primarily from the south. In autumn (Sept.-Nov.), although low southern 
waves prevail, high northern waves are frequently observed. 
Figure 4.2 shows local 𝑃𝑙  and 𝑃𝑐  around the HLs estimated by wave field 
computations with GPV wave data displayed in Figure 4.1, which indicates that variations of 
𝑃𝑙 and 𝑃𝑐 are basically similar around all HLs. These wave energy fluxes will be compared 
with seasonal characteristics of the shoreline variations given by the EOF in the following. 
 
4.2 Outcomes from the EOF analysis 
As described in chapter 3.1, the shoreline variabilities were analyzed by the EOF. 
Contributions and movement patterns for each mode analyzed by the EOF were shown in 
Table 3.1, and the first, second, and third modes of the HL#1 were depicted in Figure 3.1, as 
Figure 4.1 Significant wave height (upper panel), wave direction (middle panel, thin red line: original 
data, thick black line: 7-day moving average, 0 deg. = normal incidence, positive = incident wave 
from the northern). 




By analyzing the dominances of the shoreline variations, sptio-temporal characteristics 
of the shoreline variabilities around the HLs can be identified. The first modes given by the 
EOF analysis for all HLs and wave energy components from wave computations are shown 
in Figure 4.3. The first modes of the EOF reveal synchronous patterns prevail around HL#1 
and #2 and asynchronous patterns around HL#4. The asynchronous pattern of HL#4 can 
possibly be attributed to longshore sediment transport, with sediment being captured, or 
trapped, by upstream longshore currents and eroded by downstream longshore currents. 
Although the synchronous patterns observed around HL#1 and #2 are in contrast with the 
asynchronous ones around HL#4, this does not mean that the HLs have different sediment 
transport systems. 
Figure 4.2 Wave energy fluxes around the HLs from 2010 to 2013 estimated by wave field 
computations. Variations of wave energies around each HL are basically similar over four years. 




Figure 4.3 Interannual variations of first modes given by the EOF and wave energy fluxes around 
HL#1 and #2 (2010-2013) and HL#4 (2010-2011): Variations trends of HL#4 indicate the 
asynchronous patterns. In contrast, the synchronous patterns prevail around HL#1 and #2 persistently 
over four years. 
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The dominant components of the variations for the southern faces (red lines) of all the 
HLs shown in Figure 4.3 indicate similar seasonal trends, implying that the shorelines 
around HL#1 and #2 as well as HL#4 are controlled by longshore sediment transport. 
Seasonal trends in the dominant components of the shoreline variations are quantified and 
will be related to summations of 𝑃𝑙, and cross-shore locations of the shore positions will be 
discussed with 𝑃𝑐 and in the next chapter. 
The differences in the localized characteristics of the shoreline variability around the 
HLs revealed from the analyses are difficult to understand straightforwardly, because the HLs 
have almost the same design and experience similar wave conditions, which suggests that 
there might be another factor influencing the shoreline variability around HL#1 and #2. To 
explain this factor, as described above, four types of the variables ∆WS and ∆WN around 
HLs—breaker positions relative to the tips of the HLs categorized in above chapter—will be 
related to the shoreline variabilities in terms of the SZE in the following chapter.  
 
4.3 Causality between temporal variations of the shoreline variabilities 
and wave energy fluxes around the HLs 
As described above, temporal trends in the shoreline variations were analyzed by the 
EOF, and wave energy components were estimated by wave field computations. In this 
chapter, temporal variations of the shore positions and wave energies around the HLs are 
compared and discussed. 
In the nearshore zone, coastal process can be mainly divided into cross- and longshore 
movements, which can be possibly associated with cross- and longshore sediment transports 
induced by incident waves. Seasonal variational rates of the dominance components defined 
by the EOF analysis can be proxy for longshore sediment transport related with 𝑃𝑙, and 
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cross-shore locations of the shorelines, for cross-shore transport related with 𝑃𝑐. 
Despite spatial difference in the shoreline position—the asynchronous (HL#4) and 
synchronous (HL#1 and #2) patterns described above, seasonal trends in the first modes 
given by the EOF around HLs can be identified, as shown in Figure 4.3. The first modes at 
the southern faces of all HLs (red lines) have similar variation trends, indicating that 
shorelines at the southern faces progress during spring and summer and regress during 
autumn and winter. These seasonal variational trends in the first modes at the southern faces 
of the HL of the EOF are compared with 𝑃𝑙, and spatial different will be explained with 
respect to the SZE in the next. 
 
 
Figure 4.4 (a) Examples of variation rates by linear regression for summer of 2010 and winter of 2011 
and (b) variations of wave energy fluxes around HL#4. 




Figure 4.5 Variation rates of 1
st
 modes from the EOF analysis for the southern faces and summations 
of 𝑷𝒍 around HL#1 and #4. The shoreline positions around the HLs vary with seasonal 𝑷𝒍 
induced by incident waves. 
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In order to identify relation between the shoreline variabilities around the HLs and wave 
energy fluxes, the quantified seasonal variations of the shoreline are compared to 𝑃𝑙 . 
Variation rates of the first modes for the southern faces around the HLs were estimated with 
seasonal interval (e.g., spring: March, April, and May, summer: June, July, and August) by 
linear regression method, as shown in Figure 4.4, which is examples of linear fitting of the 
first modes for summer of 2010 and winter of 2011 around HL#4, and bottom panels in 
Figure 4.4 are wave energy fluxes for same periods. In Figure 4.4, the shoreline positions at 
the southern faces of HL#4 reflect 𝑃𝑙, meaning the shorelines for the southern face are 
advancing by consistent northward 𝑃𝑙 in summer of 2010 and opposite variations occur by 
consistent southward 𝑃𝑙  in winter of 2011. With respect to 𝑃𝐶 , high 𝑃𝐶  result in 
instantaneous variations (e.g., the middle of August and the end of December). 
As seen in Figure 4.3, variation trends in the shorelines and wave energy fluxes around 
HL#1 and #2 are basically similar, therefore, HL#1 represents as HL#2 in the comparisons 
between variation rates of the shoreline positions and wave energy fluxes. Variation rates of 
the first modes and summations of 𝑃𝑙 around HL#1 (over four years) and #4 (over two years) 
are shown in Figure 4.5. Horizontal axes of Figure 4.5 indicate four seasons from winter of 
2010 to winter 2014 (total are 48 months). As described above, seasons were divided by 
around three months to follow the seasonal incident wave conditions, but due to periods of 
observations, winter of 2010 is two months and winter of 2014 is one month. 
Temporal variations of the shoreline positions can be more easily understood by Figure 
4.5, indicating the shoreline positions at the southern faces around the HLs vary with seasonal 
𝑃𝑙 induced by incident waves. The shorelines around the HLs are advancing by northward 𝑃𝑙 
in spring and summer and are retreating by southward 𝑃𝑙  in winter. In autumn, the 
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shorelines around the HLs are retreating contrary to northward 𝑃𝑙 . These variations in 
autumn are maybe reflections from high incident waves observed several times in autumn, as 
shown in Figure 4.6, meaning that several considerable amounts of retreats of the shoreline 
positions occurs by high incident waves, and implies the effects of high 𝑃𝑐. 
The first modes of the EOF and 𝑃𝑐 around HL#1 and #4 are shown in Figure 4.6, 
showing when high 𝑃𝑐 influence to the shore, the shorelines around the HLs are generally 
instantaneously retreated (e.g., August of 2010). On the other hand, the shorelines around 
HLs are advance during low 𝑃𝑐 (e.g., summer of 2010 and 2013). 
From comparisons the shoreline variabilities around the HLs with wave energy fluxes, it 
can be understood that 𝑃𝑙 were closely related with seasonal continuous variations of the 
shoreline positions around the HLs and that 𝑃𝑐 were closely involved with instantaneous 
sudden variations of the shoreline positions around the HLs. 
 
4.4 Mutuality of spatial distinction in the shoreline variabilities and the 
SZE 
Spatial distinctions in the shoreline variabilities were identified by the EOF analysis as 
well as temporal variability of the shoreline positions. The asynchronous pattern of HL#4 can 
be possibly attributed to longshore sediment transport. As compared in chapter 4.3, although 
the synchronous patterns observed around HL#1 and #2, seasonal trends in the shoreline 
variations for the southern faces of HL#1 and #2 can be associated with longshore sediment 
transport similar to that of HL#4. In addition, the shoreline movements at the northern faces 
of HL#1 and #2 were synchronized with those of the southern faces of them contrast to that 
of HL#4, suggesting that there might be another factor influencing the synchronization of the 
shoreline variability of HL#1 and #2. 




Figure 4.6 Variations of 1
st
 modes from the EOF analysis and 𝑷𝒄 around HL#1 and #4. 𝑷𝒄 are 
closely involved with instantaneous sudden variations of the shoreline positions around the HLs. 
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To infer this factor, the variables ∆𝑊𝑆 and ∆𝑊𝑁 were categorized into four types to 
identify the SZE, as described in chapter 3.2, and the synchronizations of the shoreline 
positions are elucidated with respect to the SZE with the categorized breaker positions. 
Definitions of categorization for breaker positions relative to the tips of the HLs and shoreline 
variations in accordance with categories of breaker position around the HLs were already 
described in chapter 3.2, and results of categorization are displayed in Figure 4.7. 
Type I indicates high wave conditions such as stormy periods and the SZE. For high 
wave conditions marked with red colors in panel (a) of Figure 3.2, breaker lines for both 
faces of HL locate beyond the tip of the HL, and both faces of the HL may retreat by high 
wave energy, which was usually observed around HL#1 and #2 in winter and spring months 
(November, December, January, and March), when relative high incident waves compared to 
the other months attacked the shore, meaning the reflections from high 𝑃𝑐 as described in 
chapter 4.3. In terms of the SZE marked with blue colors in panel (a) of Figure 3.2, breaker 
lines at both face of the HL locate beyond the tip, implying that both faces of the HL progress 
in synchrony by the SZE. This was observed frequently around HL#1. 
Type II implies the asynchronous pattern, sediment being captured by the HL, 
depending on the wave directions. Type III and IV show the SZE with synchronous shoreline 
advances. Type III mostly occurs with southern waves, and Type IV, mostly with northern 
waves. 
Total variances of the EOF around the HLs and offshore incident wave conditions are 
depicted in Figure 4.7 along with categories for breaker positions around the HLs. Total 
variances of the EOF mean summations for total modes of the EOF and are equivalent to the 
detrended shoreline variations, including the asynchronous and synchronous patterns in the 
shoreline variations. 




Figure 4.7 Total variances estimated by the EOF, categorization of breaking patterns (type I, II, III 
& IV), and wave condition around the HLs. The synchronizations of the shoreline positions at both 
faces and frequencies of the SZE around HL#1 and #2 are on the increase year by year. 
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As shown in Figure 4.7, the asynchronous pattern predominates around HL#4 over two 
years, and the asynchronous pattern around HL#4 can be easily understood by type II of 
breaking pattern. On the contrary, the synchronous patterns prevail around HL#1 and #2 over 
four years. Although predominant patterns of the shoreline variations around HL#1 and #2, 
the asynchronous patterns around HL#1 and #2 are sometimes obviously identified and 
involved with type II of categorization marked as red stripes boxes in Figure 4.7—such 
periods are summer of 2010 (HL#1 and #2) and spring of 2011 and 2013 and summer of 2012 
(HL#2), and during these periods, the asynchronous patterns depending on incident wave 
direction are observed. For example, in summer of 2010, the shorelines of the southern faces 
of the HLs are advancing and that of the northern faces are retreating with southern incident 
waves. Opposite trends are observed around HL#2 in spring of 2013, with northern incident 
waves. 
The synchronous patterns around HL#1 are more intensive than those of HL#2, which 
can be explained by frequencies of the SZE: Frequencies of the SZE identified type I, III, and 
IV around HL#1 are more than 80 % for former years, but are around 55 % around HL#2. 
These different in frequencies of the SZE around HL#1 and #2 will be discussed with regard 
to beach slopes and the shoreline positions relative to the tip of the HL in the following. 
The crucial point to note is that the synchronizations of the shoreline positions around 
HL1 and #2 are on the increase for later two years (2012-2013) compared to former two year 
(2010-2011). In addition, frequencies of the SZE are also increasing, implying that the SZE 
occurs more frequently for later years and may affect to the synchronizations of the shoreline 
positions. The SZE may make longshore currents bypass the HL, as described above chapter 
2.4.4. If so, sediment could be transported from the upstream side to the downstream side of 
the HL, as a result, the shorelines of both sides of the HL could advance synchronously as 
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around HL#1 and #2. In this context, for later two years, it can be understood that intensities 
of the synchronous patterns in the shoreline variabilities around HL#1 and #2 may be 
accelerated by increasing the frequencies of the SZE around HL#1 and #2. 
The major reason of spatial different in the shoreline variations around HLs is the 
shoreline positions relative to the tips of the HLs, as depicted in Figure 2.14, which means 
that the shoreline positions at the southern faces of HL#1 and #2 are generally closer to the 
tips of the HLs than that of HL#4. Consequently, if similar amounts of advances of the 
shoreline occur around the HLs, the breaker lines around HL#1 and #2 are shifted seaward 
more frequently than those of HL#4. 
Although the synchronous patterns prevail around HL#1 and #2, a distinction in the 
frequencies of the SZE around HL#1 and #2 are revealed, as described above—the 
percentages of types I and II are quite different. As seen in Figure 4.7, even though the 
incident wave conditions are similar for four years, the occurrence of type I for HL#1 is 
around 51 %, but that for HL#2 is around 28 % in former two years, and distinctions intensify 
in the latter two years—type I for HL#1 is around 89 %, but that of HL#2 is around 48 %. 
The answer of these distinctions lies in the shoreline positions relative to the tips of the HLs 
and intertidal foreshore slopes. As displayed in Figure 2.13 and 2.14, intertidal foreshore 
slopes around HL#1 are milder than those of HL#2, and the shoreline positions around HL#1 
are closer to the tip than those of HL#2, which suggests that the SZE may occur around HL#1 
more frequently than HL#2. As a result, it is understood that characteristics of the shoreline 
variabilities of the HLs are closely related with SZE induced by the interactions between the 
shoreline movements and the foreshore slopes. 
Even though the advancement of the shoreline is evident as the major cause of the SZE 
and the SZE makes shoreline around HL#1 and #2 move in synchrony, why SZE occurs only 
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around HL#1 and #2 needs clarification. To infer reason for the question, long terms trends in 
the shoreline variations around HLs were investigated, as described in chapter 2.5, and will 
be compared and discussed with respect to the SZE in the next. 
 
4.5 Long term shoreline variability determined from aerial laser surveys 
and photographs 
Spatial distinctions between the asynchronous (HL#4) and synchronous (HL#1 and #2) 
patterns in the shoreline variabilities were identified and discussed with respect to the SZE 
that was inferred as the major factor influencing the synchronizations of the shore positions 
around HL#1 and #2. Long term trends in the shoreline variabilities around the HLs were 
determined to find out reason for the SZE around HL#1 and #2, as described in chapter 2.5. 
The synchronizations around HL#1 and #2 by the SZE is related to long term trends to 
explain reasons for why the synchronous patterns occur around HL#1 and #2 only. The 
shoreline variations were determined by aerial laser surveys and photographs, and the 
shoreline variations relative to the shore positions in 2002 are shown in Figure 4.8 (a), which 
means the shore positions in 2002 are nil. From long term trends in the shoreline variation 
shown in Figure 4.8 (a), considerable amounts of accumulations are observed at the southern 
portion of the study area protected by the HLs (#1~#5), especially, from 7,800 m around 
HL#3—the southern end of the area near Hasaki Fishery Port. Important factor influencing 
the SZE around HLs is advancements of the shoreline positions, as described in chapter 3.2. 
Long term trends in the shoreline positions identified by aerial surveys and photographs 
are supposed as the major reason of the SZE induced by advancements of the shoreline 
positions around HL#1 and #2. In order to infer reason for considerable amounts of 
accumulations at the southern portion of the study area, 𝑃𝑙 from 2010 to 2013 computed by 
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wave computations were collected along longshore direction and are shown in Figure 4.8 (b), 
and it can be seen that southward 𝑃𝑙 have been prevailed at the southern portion of the study 
area, which implies that sediments are transported the north to south by longshore currents. 
As a result, the shorelines at the southern portion have been progressed consistently. 
 
Figure 4.8 (a) Distributions of the shoreline variations relative to the shore position in 2002 and (b) 
𝑃𝑙 from 2010 to 2013 estimated by wave field computations (upper panel: cumulative 𝑃𝑙 and bottom 
panel: distributions of 𝑃𝑙). Considerable amounts of accumulations are consistently observed at the 
southern portion of the study area in panel (a). These advancements of the shoreline are supposed as 
the major reason of the SZE. Positive 𝑃𝑙 have been prevailed at the southern portion in panel (b) and 
maybe one reason for the consistent progression of the shoreline positions at the southern portion 
observed in panel (a). 
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Figure 4.9 shows the shoreline variations at four transections (x = 0, 6320, 8920, and 
9960 m) at HORS and the southern faces of HL#1, #2, and #4. Variational trends of HORS 
shown in panel (a) are stabilized, whereas those of HL#1, #2, #4 indicate persistent 
progressions of the shoreline positions, especially, around HL#1. Figure 4.10 shows aerial 
local close-up of vicinity of HL#1 and #4 from 2005 to 2013, and it can be obviously seen 
that the shoreline positions around HL#1 are advanced close to the tip of the HL in 2013 and 
that while the shoreline positions around HL#4 are also advanced in 2013, the advancements 
of the shorelines are much lesser than those of HL#1 and shorelines positions of HL#4 are 
more landward than those of HL#1. 
Figure 4.9 Variations of the shoreline positions at HORS, HL#1, #2, #4 from 2010 to 2013. The 
shoreline positions at HORS are stabilized. On the contrary, the shoreline positions around HL#1, #2, 
and #4 are advanced. 
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Long term trends in the shoreline variations identified by digitization of aerial 
photographs and laser surveys indicate consistent advancements of the shoreline positions 
around HL#1 and #2. It possibly underpins the major reason for the SZE around the HL#1 
and #2. Even though the shorelines around HL#4 have also been advanced, the SZE is not 
observed around HL#4. The answer lies in the shoreline positions relative to the tips of the 
HLs, as seen in Figure 4.10 (b). As described above, the shoreline positions around HL#4 are 
more landward than those of HL#1 and #2, meaning HL#4 can be able to accommodate the 
shoreline advancements without occurrences of the SZE. We can recognize that wave 
Figure 4.10 (a) Local views of HL#1 and (b) HL#4 from 2005 to 2013. The shorelines around HL#1 
have been advanced from 2005 to 2013. As a result, the shorelines around HL#1 are considerably 
advanced in 2013 close to the tip of the HL. On the other hand, the shoreline advancements are also 
observed around HL#4, but the shoreline are more landward than those of HL#1. 
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breaking patterns around HL#1 and #4 are different in 2013 seen in Figure 4.10. Waves 
around HL#1 are broken before the tip of the HL, in contrast with HL#1, waves around HL#4 
are broken at more landward than those of HL#1. These different breaking patterns between 
HL#1 and #4 in 2013 of Figure 4.10 are good evidence for the SZE. 
 
4.6 Discussion 
The purpose of this work was to identify spatio-temporal variations of the shoreline 
positions around three artificial HLs mainly by the EOF analysis and to explain them with 
respect to incident waves and the SZE. 
The asynchronous pattern for HL#4 could be understood with longshore sediment 
transport induced by incident waves. On the other hand, the synchronous patterns for HL#1 
and #2 were elucidated with the SZE by the categorized breaker positions. The shore 
locations relative to the tips of the HLs at southern faces of HL#1 and #2 were supposed as 
major cause of the SZE. The SZE was revealed as important factor involved in spatial 
distinctions between the asynchronous (HL#4) and synchronous (HL#1 and #2). 
To find out answer for why the SZE occurred around HL#1 and #2, and not all HLs, 
long term trends of the shoreline variations around the HLs were investigated by aerial 
photographs and aerial laser surveys: Consistent and considerable advancements of the 
shoreline around HL#1 and #2 were identified. 
Outcomes of this study suggests that the shoreline variabilities around the HLs—have 
almost same design and experience similar wave conditions—indicated distinctions between 
the asynchronous and synchronous patterns, which can be elucidated by influencing the SZE 
induced by interactions between the shoreline movement and bathymetry around the HLs.  
Although the SZE identified in this work help to understand the synchronizations of the 
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shoreline positions around HL#1 and #2, there are some difficulties, or limitations, which will 
be discussed with regard to recommendations for future works in the following chapter 5.2. 
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CHAPTER FIVE: CONCLUSIONS AND REMARKS 
 
This study tried to identify characteristics of the shoreline variabilities around three 
artificial HLs established along long sandy beach, Kashima Coast, Ibaraki, Japan and to 
explain them with respect to incident waves and the SZE. This chapter describes conclusions 
of this study, and also presents recommendations for future works. 
 
5.1 Summary of the study 
The shoreline movements around three artificial HLs established along a 16-km-long 
sandy beach, Kashima Coast of Japan were observed by X-band marine radar systems over 
four years. Results of radar measurements were processed to time-averaged and -stacked 
images to detect the water- and breaker positions around the HLs, and water and breaker 
positions were digitized from radar images by eye. The shoreline positions were determined 
with helps of the tidal records. 
The purposes of this work were to identify variational characteristics of the shoreline 
positions and to elucidate them with incident waves and in terms of the SZE. An EOF 
analysis was applied to identify and quantify spatio-temporal characteristics of the shoreline 
variations around the HLs. 
In order to compare temporal variations and incident wave actions, daily wave field 
computation were implemented over four year with GPV wave data provided by JMA, and 
long- and cross-shore energy fluxes were evaluated by wave computations and they were 
related and discussed with temporal variations of the shoreline positions around the HLs. 
Comparison and discussion for relations between temporal characteristics of the shoreline 
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variations and wave energy fluxes suggested that seasonal variations of the shoreline 
positions were attributed to seasonal longshore sediment transport involved in longshore 
energy fluxes and that cross-shore energy fluxes were related to instantaneous sudden 
variations of the shorelines, such as regressions of the shorelines due to storm. 
Primary significant outcome from the EOF analysis was to reveal the prevalent 
asynchronous pattern of shoreline variability around HL#4 and the synchronous pattern 
around HL#1 and #2, meaning spatial variabilities were differentiated between the HLs. 
To explain the major reason of spatial difference in the shoreline variability, distributions 
of the breaker line around the HLs were categorized into four types to identify frequencies of 
SZE around each HL. The categorization for breaker positions revealed that asynchronous 
and synchronous patterns in the shoreline variations were related to breaking patterns around 
HLs. The asynchronous pattern around HL#4 possibly involved with type II, which means 
the breaker lines are landward before the tip of the HL, implying longshore sediment 
transport, with sediment being captured, by upstream longshore currents and eroded by 
downstream longshore currents. On the contrary, the synchronous patterns observed around 
HL#1 and #2 may be related to other types of the categorization, meaning the SZE and it may 
make longshore currents bypass the HL and transport the sediment from the up- to 
downstream sides. Consequently, the shorelines at both faces of the HL advance in synchrony. 
The shore position relative to the tips of the HLs was inferred as the major factor 
attributing to the SZE. The shore positions relative to the tips of the HLs varied with HLs. 
The shorelines around HL#4 were more landward before the tip of the HL than those of 
HL#1 and #2, which implies that HL#4 have sufficient capacity capturing longshore sediment 
transport without extending the surf zone beyond the HL, therefore, the asynchronous pattern 
have prevailed around HL#4. In contrast, the shorelines around HL#1 and #2 were closer to 
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the tips of the HLs than those of HL#4. It means that breaker lines around HL#1 and #2 are 
easy to locate beyond the tips of the HLs by the advanced shoreline positions, which implies 
that the synchronous patterns have predominated by the bypassed longshore currents resulted 
from the SZE. 
The synchronizations of the shoreline positions and the SZE were observed around 
HL#1 and #2, but frequencies of them were different. The SZE were observed around HL#1 
more frequently, and it can be explained by the shore locations relative to the tip of the HL 
and intertidal foreshore slopes—the shore locations around HL#1 were closer to the tip of the 
HL than those of HL#2 and foreshore slopes around HL#1 were milder than those of HL#2. 
These suggest that the shoreline variability, the SZE, and foreshore beach slopes are closely 
interrelated. 
To find out answer why the SZE occur around HL#1 and #2 not all HLs, long term 
trends in the shoreline variations around the HLs were determined by aerial photographs and 
aerial laser surveys from 2002 to 20013. Above questions were answered by the consistent 
considerable advancements of the shoreline at HL#1 and #2 identified by long term analysis. 
The SZE can be considered as one indicator of morphological variations around the HLs. 
When the three HLs were first constructed, the shoreline variability around the HLs was 
perhaps all asynchronous. Subsequently, the shoreline variations around HL#1 and #2 
became synchronous as a result of SZE. As a result, this study indicates that the shoreline 
variabilities and the SZE are closely related, with SZE being a major factor in the distribution 
of shoreline variability within the study area.  
Signification of the SZE in respect to coastal engineering is to construct a coastal 
structure and to monitor the shoreline variation caused by constructions of the structures. If 
we plan to construct a coastal structure such as HL, several factors, such as incident wave 
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conditions and current fields, will be checked to enhance efficiencies with respect to 
economical aspect, or utilization. The SZE may be one factor to be checked for the 
construction. When we think about situations of this work simply, if circumstance for burying 
matters by the synchronizations of the shorelines will be observed around HL#1 and #2, it 
can be easily solved by dredging operations for shore and sea bed, or by extending the HL to 
offshore to eliminate the SZE. In this context, results of this study will be utilized in coastal 
engineering field. In effect, several issues in terms of burying of the structures have been 
popularly reported around the world. Definitely, there are several factor influencing burying 
matters such as effects from other structure, natural disaster, and unexpected high incident 
waves. The SZE will be possibly considered another option. 
 
5.2 Recommendations for future study 
X-band marine radar systems were employed as the observational method. Although 
radar is powerful tool to monitor the morphology at coastal zone, it has weak point with 
respect to weather condition. High precipitation conditions make unclear image, which means 
difficulties to detect water- and breaker line. In this study, time-averaged and -stacked image 
processing were applied to enhance the efficiency of the detection, and they help for detection 
process considerably, but they could not solve all unclear image problems. In this context, 
Considerations with respect to image matters are needed to improve the detection of the 
water- and breaker lines for future works. 
Radar has another limitation in respect to identifying current fields, therefore, there were 
no direct evidence for bypassing currents that is the bottom line for the asynchronous pattern. 
The bypassing currents were inferred with help of the categorization for breaker positions and 
longshore energy fluxes estimated by wave computations. To improve the understanding for 
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the SZE, it is necessary to confirm an existence of the bypassing current phenomenon. 
Possible approaches to identify the bypassing current are velocity measurements, or high 
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